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Abstract 
Fatigue cracking is considered as one of the most serious distresses associated with flexible pavements. Loading frequency 
has a great effect on fatigue behavior of asphalt mixes. Such that for standard mixes it is widely stated that the fatigue life 
decreases by increasing loading frequency when the test is conducted in deformation control mode. On the other side the 
effect of loading frequency on SBS modified asphalt mixes has not been investigated extensively. During fatigue tests on 
polymer modified mixes (PMA), temperature of the specimen increases. Higher temperature reduces the stiffness of asphalt 
concrete during the fatigue test and increases the fatigue life of the specimens and may affect the characterization of asphalt 
fatigue behavior. In this research an investigation was made to understand the fatigue behavior of SBS modified asphalt mixes 
and influence of loading frequency on PMA fatigue life in comparison with unmodified mixtures. The conventional bitumen 
with 60/80 penetration grade was used in this research and was modified with styrene-butadiene-styrene (SBS) at 5% by 
weight of the bitumen. Two different loading frequencies were applied and fatigue life for asphalt mixtures was determined 
using the four-point bending beam fatigue test based on phenomenological approach as well as dissipated energy concept. 
Results showed that the fatigue life of SBS-modified mixture is up to three times more than conventional mixtures. 
Temperature increase of PMA specimens during four-point bending beam test mainly affects the fatigue behavior in the test. 
Because of simultaneous effects of this temperature increase and healing phenomena, the difference between fatigue lives in 
two different loading frequencies is negligible, while this difference is significant in case of conventional mixtures. 
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1. Introduction 
Various parameters can affect fatigue behavior of asphalt mixtures. Generally, effective parameters on fatigue 
life consist of thickness of asphalt layer, loading amplitude, shape and frequency of loading, rest period in 
loading, compression, and characteristics of asphalt mixtures such as sieve analysis of fine and coarse aggregates, 
type of the bitumen, stiffness of mixture, environmental conditions and additives (Baburamani, 1999; Hafeez, I., 
et al, 2013). According to the results of strain controlled tests using four-point bending beam, as the loading 
frequency increases, fatigue life of conventional samples decreases which seems to be the result of decrease in 
time for self healing of the materials (Baburamani, 1999).  
Loading frequency is employed for simulating different traveling speed of moving vehicle in four-point 
flexural beam test. As the traffic speed increases, the loading frequency increases (Mollenhauer, Wistuba & 
Rabe, 2009). 
In four-point flexural beam test at a controlled strain mode, because of frequency-dependent stiffness of 
asphalt mixtures, as the frequency increases, mixture stiffness increases and therefore to reach specific strain 
level it needs to apply more pressure. According to energy methods, at higher stress level, the value of dissipated 
energy per load cycle is higher for the high loading frequency compared to the lower frequency (Mollenhauer, 
Wistuba & Rabe, 2009). There is also less time for healing of asphalt samples in higher loading frequencies 
(Baburamani, 1999). Therefore the results of different studies showed that in four-point flexural beam test at a 
controlled strain mode, as the loading frequency increases, fatigue life of conventional asphalt samples decreases 
(Adhikari & Zhanping, 2010). 
For polymer modified asphalt mixtures, the results of different studies show that fatigue life of samples which 
have been modified by polymer is almost 2 or 4 times more than conventional samples and that is because of 
decreasing in micro cracks which is the result of polymer chain in asphalt. It was proved that different polymers 
have different effects on fatigue life and SB (an in-situ crosslinked block copolymer), MSBS (modified SBS), 
SBR (a linear random styrene-butadiene latex polymer), SBS and MCR (chemically modified experimental 
crumb rubber product) have the most and the least effect on fatigue life, respectively (Newman, 2004). Previous 
studies on fatigue lives of PMA mixtures using four-point flexural beam show that the first phase of stiffness 
graph against the number of load repetition for PMA mixtures is longer than conventional asphalt mixtures, and 
the decrease in stiffness of polymer modified samples is much more in this phase. It has been also proved that the 
temperature of PMA specimens significantly increases during the test, especially in the second phase of the 
fatigue curve (Jacobs & Sluer, 2009). These temperature measurements are carried out on the surface of the 
specimens on two positions on the beam: one at the neutral axis of the beam in the middle between the two inner 
clamps (=Temp2) and one at the neutral axis of the beam in the middle between the inner and outer clamp 
(=Temp1). In Fig. 1 a typical result of these measurements is shown (Jacobs & Sluer, 2009). Therefore the 
fatigue behavior of polymer modified asphalt and the increase in their fatigue lives in this test are extremely 
affected by the increase in the temperature.  
This paper aims to study the effect of loading frequency on the fatigue lives of SBS-modified asphalt mixes 
and compare fatigue lives of PMA mixtures with conventional samples. To this end, seven different methods 
were employed to determine the appropriate failure criterion for polymer modified asphalt mixtures, consisting 
phenomenological as well as energy methods. Then these criterions were used to study the effect of loading 
frequency on fatigue lives of conventional and PMA mixtures. Four point bending beam apparatus was used to 
conduct fatigue tests in strain controlled mode. Test temperature was assumed to be 20oC at constant strain levels 
of 500, 600, 800 and 1000 micro strains for conventional mixture and 800, 900, 1000 and 1200 micro strains in 
case of SBS-modified mixtures at two different loading frequencies of 7.5 and 15Hz. 
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Fig. 1. Graph of temperature variations for polymer sample in a fatigue test (Jacobs & Sluer, 2009) 
1.1. Failure Criterion for Determining Fatigue Life 
Different criterions have been proposed for determining the fatigue life of asphalt mixtures. For a long time, 
conventional criterion of decrease in stiffness by 50% has been used as the main failure criterion (Baburamani, 
1999). The results of different studies have shown that there is no crack in sample in the number of load 
repetition that is corresponding to decrease in stiffness by 50%, and this criterion is not representative of true 
failure (Fakhri, 1997). By introducing energy methods, researchers tried to define failure point by using the 
concept of energy ratio and this effort led to proposing some equations. In all of these equations the number of 
load cycles corresponds to crack initiation was defined as failure criterion. One of these equations is the Equation 
1 which is based on the concept of energy ratio (Pronk & Hopman, 1990). 
n1 / wn.w=ER                                                                                                                                                 (1) 
Where Wn is the dissipated energy in cycle n. After drawing energy ratio versus load cycles, the failure point 
can be determined at the point of change in curve slope. It 
point of change in curve slope, and this is the deficiency of all of these methods.  
Using the concept of energy decrease ratio, a new energy criterion was introduced according to the Equation 2 
for determination of crack formation point. In this equation, N stands for the number of loading cycle, and EN 
stands for the Elastic Modulus in Nth cycle (Rowe 1993). 
NE ×N=R                                                                                                                                                    (2) 
In order to eliminate deficiencies of previous methods, Bouldin & Row (2000) proposed the energy ratio 
according to the Equation 3, 
s×n  =ER                                                                                                                                                      (3) 
Where, S stands for stiffness of the sample, and n stands for the number of load repetition. In this method 
failure point occurs at the maximum or peak value of ER when plotted versus number of cycles. 
Carpenter & Ghuzlan & Shen, (2003) defined the ratio of dissipated energy change (RDEC) according to 
Equation 4, to determine the true failure point of the sample which is defined as the conjunction of second part to 
third part of the RDEC curve against the number of load which is shown in Fig. 2.  
 )}/( - {=RDEC aab DEDEDE                                                                                                                         (4) 
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where DEa is the dissipated energy in cycle a, and DEb is the dissipated energy in cycle b. Considering 
viscoelastic properties of asphalt mixtures, it was concluded that the criterion of the ratio of dissipated energy 
change describes fatigue life of asphalt mixtures better than criterion of 50% decrease in stiffness (Carpenter & 
Shen, 2007) 
 
 
Fig. 2. The curve of the ratio of dissipated energy change plotted against the number of load repetition (Carpenter & Ghuzlan & Shen, 2003) 
2. Sample Preparation and Testing 
The asphalt mixtures were prepared based on Marshall Mix design procedure with 60-80 penetration grade 
bitumen with 75 blows on each side of cylindrical samples according to the MS-2 specification of Asphalt 
Institute. Optimum bitumen was determined 5.50% by weight of mixture to achieve 4% air void with maximum 
stability of 1003 kg and maximum unit weight of 2269 kg/m3 for conventional mixtures. The optimal content of 
bitumen of 5.50% was accepted for PMA mixtures. To prepare test samples, an asphalt slab with the thickness of 
5 cm and dimensions of 30×40 cm was first compacted using a slab kneading compactor, and was cut into 4 
beams of 38.1 cm long, 5 cm thick and 6.35 cm wide. Previous studies showed that the optimum amount of SBS 
polymer which was used to increase fatigue life was approximately 5% by weight if bitumen (Khodary, 2009; 
Shahabi, Moghaddas Nejad & Kazemi Fard, 2012). Since the determination of optimum content of polymer was 
out of scope of this study, 5% of SBS polymer by weight of control bitumen was used to produce modified 
bitumen. SBS polymer was gradually added to bitumen while stirring at 350 rpm for about 15 min. SBS polymer 
which is used in this study was linear molecular structure and 31% of Styrene. Characteristic of the conventional 
bitumen is shown in Table 1. The asphalt mixtures in this research were dense graded asphalt mixtures with 19 
mm as nominal maximum aggregate size which can be used for binder and surface course layers. Aggregate 
material was crushed siliceous aggregate. Table 2 and 3 summarize the physical properties and engineering 
properties of the aggregate, respectively. In addition the grading curve of asphalt mixture which is used in this 
study is illustrated in Fig. 3. 
Table 1  Properties of bitumen (60/80) 
Test Standard Result  
Ductility at 25 °C (cm) ASTM-D113 100<  
Penetration at 25 °C (0.1 mm) ASTM-D5 77  
Softening point (°C) ASTM-D36 47  
Specific gravity at 25 °C ASTM-D70 1.013  
Flash point (°C) ASTM-D5 313  
Thin-Film Oven Test ASTM-D1754 0.01  
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Table 2  Physical properties of aggregate 
Test Standard Value (%) Asphalt Institute MS  2 specifications (%) 
LA Abrasion loss AASHTO-T96 18 30> 
Crushed in one face ASTM-D5821 96 - 
Crushed in two face ASTM-D5821 84 >90 
Flakiness BS  812 17 25> 
Sand equivalent AASHTO-T176 72 50< 
Sodium sulfate soundness AASHTO T104 1.3 12> 
Table 3 Engineering properties of aggregate 
Fraction Standard Specific gravity ( g /cm3) Absorption (%) 
  Apparent Bulk Apparent Bulk  
Retained on 2.36 mm (No. 8) AASHTO T85 2.66 2.53 2.00 
Passed from 2.36 mm and retained on 0.075 mm AASHTO T84 2.67 2.50 2.60 
Passed from 0.075 mm AASHTO T100 - 2.68 - 
Bulk specific gravity on blended aggregate - - 2.53 - 
 
 
 
Fig. 3. Grading curve for the tested samples 
All tests have been performed in four-point flexural beam apparatus (UTM 14). Since the fatigue tests need 
long time to be completed at low strain levels and some cost and time limitations, different strain levels were 
selected in case of conventional and PMA mixtures. Strain levels of 500, 600, 800 and 1000 micro strains for 
conventional samples and strain levels of 800, 900, 1000 and 1200 micro strains for polymer modified samples 
were applied, at two frequencies of 7.5 and 15 Hz at temperature of 20 °C. These two different frequencies were 
selected based on the results of studies on a specific pavement section at two different speeds of 30 and 60 km/h. 
Wave pattern was selected as haversine loading and all tests were continued until the third phase of fatigue curve. 
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3. Analysis of Results and Discussion 
Fatigue lives of different mixtures at different loading frequencies are represented in Table 4 and 5. By 
plotting the mix stiffness versus the number of load repetitions for polymer modified samples, it can be seen that 
the first phase of the graph is longer and its second part has a lower slope than the conventional samples. There is 
also a great amount of decrease in stiffness at the first phase of the graph (almost 50% decreases in initial 
stiffness). As the strain level increases, the rate of stiffness reduction and slope of second phase of graph 
increases, that might be as the result of self-healing phenomenon. Stiffness curve for 2nd and 10th samples, 
difference between fatigue behaviors of PMA and conventional samples and three different phases of fatigue 
curves are shown in Fig.4. 
Table 4. Tests characteristics and results 
sample 
no. 
sample 
type 
strain 
level 
loading 
freq. 
initial 
stiffness 
at 50th 
cycle 
initial 
stiffness 
at 100th 
cycle 
fatigue 
life(50% 
stiffness 
reduction) 
fatigue 
life(65% 
stiffness 
reduction) 
method of stiffness 
curve entrance to 
3rd phase 
fatigue 
life 
remained 
stiffness 
1 PMA 800 15 4454 4256 47010 98720 98980 0.35 
2 PMA 900 15 4237 4093 25960 137500 147910 0.31 
3 PMA 1000 15 4169 3888 10520 41790 110910 0.18 
4 PMA 1200 15 3739 3464 5410 21000 31620 0.26 
5 PMA 800 7.5 3487 3322 389040 495450 421690 0.48 
6 PMA 900 7.5 3549 3389 47980 97970 94520 0.37 
7 PMA 1000 7.5 3090 2898 31780 87540 103110 0.29 
8 PMA 1200 7.5 3111 2799 5540 28400 31940 0.3 
9 Stand. 500 15 3926 3827 157270 251180 202610 0.44 
10 Stand. 600 15 3391 3274 52480 65220 60410 0.45 
11 Stand. 800 15 2537 2419 28250 30740 26300 0.57 
12 Stand. 1000 15 3060 2893 9090 16980 17240 0.35 
13 Stand. 400 7.5 3792 3685 1498150 1685250 1E+06 0.52 
14 Stand. 600 7.5 3579 3428 150190 231730 215440 0.39 
15 Stand. 800 7.5 3590 3432 90270 196480 220460 0.3 
16 Stand. 1000 7.5 3075 2941 32770 51020 45350 0.42 
 
 
 
(a)                                                                      (b) 
Fig. 4. Load repetitions versus stiffness graph: (a) sample 2 (PMA); (b) sample 10 (Conventional) 
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3.1. Determination of Fatigue Life Criterion for PMA mixtures 
In this research the fatigue life of both conventional and PMA mixtures was determined based on seven 
different criteria consisting 50% stiffness reduction, the number of load repetition corresponding to sudden 
change of slope in stiffness curve at the start of 3rd phase, energy ratio methods such as Hopman, Row, Pronk, 
Row & Bouldin and the method of ratio of dissipated energy change, and then results have been compared to 
each other, subsequently. Results show that the fatigue lives obtained from the ratio of dissipated energy change 
method and Row & Bouldin method, except for 7th sample, have the most agreement with each other and with 
fatigue life obtained from the criterion of the corresponding life to point of sudden change of slope in stiffness-
the number of load repetition curve. 
Table 5. Energy methods results of tests 
sample 
no. 
energy ratio 
(Row method) 
energy ratio 
(Pronk method) 
energy ratio 
(Hopman method) RDEC method 
Row & Bouldin 
method 
fatigue 
life 
remained 
stiffness 
fatigue 
life 
remained 
stiffness 
fatigue 
life 
remained 
stiffness 
remained 
stiffness 
remained 
stiffness 
fatigue 
life 
remained 
stiffness 
1 91660 0.38 90960 0.38 88670 0.39 97470 0.36 95010 0.37 
2 131820 0.36 130810 0.37 128820 0.37 145090 0.32 136980 0.35 
3 92370 0.24 93800 0.24 94280 0.24 105510 0.2 93080 0.24 
4 30350 0.28 27400 0.3 27260 0.31 31860 0.26 28760 0.3 
5 399630 0.49 399630 0.49 389040 0.5 420080 0.48 416860 0.49 
6 85550 0.42 87310 0.41 84240 0.43 90270 0.4 90040 0.4 
7 84670 0.36 82540 0.38 85330 0.37 110060 0.26 89580 0.35 
8 27750 0.36 27960 0.36 27890 0.36 31780 0.3 29360 0.34 
9 200290 0.44 195730 0.45 203390 0.43 216270 0.4 227330 0.39 
10 50500 0.51 52880 0.49 52210 0.5 58880 0.46 57830 0.47 
11 24170 0.61 24790 0.6 23620 0.62 28610 0.48 25500 0.58 
12 14980 0.39 14600 0.4 14860 0.39 16590 0.36 16510 0.36 
13 1E+06 0.53 1E+06 0.55 1E+06 0.53 1E+06 0.51 1E+06 0.5 
14 192750 0.44 194980 0.43 196480 0.42 212970 0.4 214610 0.4 
15 168520 0.4 173780 0.39 167880 0.4 223870 0.3 194980 0.35 
16 39300 0.45 no data no data 39500 0.45 45240 0.42 45120 0.42 
 
 
Other methods of energy ratio show lower fatigue life than the three above mentioned methods which is in 
accordance with the initial hypothesis of the definition of these equations which states that the fatigue life is the 
time of first crack formation in asphalt samples. Although the assumption of failure point is the same in methods 
of RDEC, decrease in stiffness by 50% and sudden change in the slope of stiffness curve, but the meaningful 
difference between the fatigue life, which is the result of criterion of decrease in stiffness by 50% with the two 
others mentioned above, shows that criterion of decrease in stiffness by 50% is not an appropriate criterion for 
defining failure point in polymer modified asphalt samples at all. Ratio of dissipated energy change, Row & 
Bouldin method and the criterion of sudden change in the slope of stiffness graph give almost the same fatigue 
lives in all polymer modified samples except 3th and 5th samples. This fatigue life is corresponding to decrease in 
initial stiffness of samples by almost 65%. It seems that this criterion of decrease in stiffness is much closer to 
real failure of samples than criterion of decrease in stiffness by 50%. 
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3.2. The Effect of Loading Frequency on Fatigue Life
To study the effect of loading frequency, results of fatigue life for both convectional and SBS-modified mixes 
were determined at two frequencies of 7.5 and 15 Hz. In case of conventional mixtures, when the loading
frequency increases, fatigue lives of these mixtures extremely decrease (Fig. 5). This result is in agreement with
the results of previous research studies (Mollenhauer, Wistuba & Rabe, 2009). The results show, in the polymer 
modified samples, as loading frequency decreases the initial stiffness of samples decreases. The effect of loading 
frequency on fatigue lives of polymer modified samples is dependent on the criterion used to determine the
fatigue life and also on the strain level of the test. Influence of frequency on fatigue behavior of PMA and 
Conventional mixtures is shown in Fig. 5.
(a) (b)
Fig. 5. Influence of loading frequency on the stiffness curve: (a) 600 micro strains (Conventional); (b) 1200 micro strains (PMA)
In case of criterion of decrease in initial stiffness by 50%, as the loading frequency increases, the fatigue life 
decreases. Decrease in fatigue life of polymer modified asphalts due to frequency increase, is significantly less
than the conventional mixtures. In other words, conventional mixtures are more sensitive to frequency change in
comparison with SBS-modified mixtures (Fig.6).
Fig. 6. Sensibility of fatigue life according to 50% stiffness decrease method to frequency change
If criterion of fatigue life is considered as criterion of decrease in initial stiffness by 65%, except for the
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sample which has been tested at strain level of 800 micro strains, not only there will not be any reduction in 
fatigue life but also at the strain level of 900 micro strains by increasing the frequency, the fatigue life increases. 
By comparing different strain level, except 2th and 5th samples, which were tested at strain level of 900 micro 
strains, it can be concluded that as the strain level increases, the effect of loading frequency in determining 
fatigue life extremely decreases, and at strain level of 1200 micro strains, there is no meaningful difference 
between fatigue lives under two frequencies 7.5 and 15 Hz (Fig. 7). 
 
 
(a)                                                                                     (b) 
Fig. 7. Comparison of Fatigue life in different strain levels and frequencies: (a) Conventional mixes; (b) PMA mixes 
In fact by increasing loading frequency, initial stiffness of samples increases and asphalt mixes behave stiffer 
during test, as a result, self-healing potential as well as fatigue life decrease. This can easily be seen at the strain 
level of 800 micro strains. 
According to the results of previous studies, in fatigue test of PMA mixtures using four-point flexural beam 
test, temperature of samples significantly increases during the test, especially at higher levels of strains. Although 
in this study the exact numerical amount of the increase in temperature was not measured, but the increase in 
sample temperature was so high that could be sensed by touching the samples after the test.  
As it is shown in Fig. 7, in higher strain levels, there is no significant difference in fatigue lives at two 
different frequencies. It should be the result of interactive effects of temperature increase and frequency increase. 
In other words, increase in temperature of samples neutralizes the effect of increase in frequency.  
4. Conclusion 
 Fatigue lives of polymer modified samples are up to three times more than conventional samples, especially at 
higher frequencies. 
 First phase of the fatigue diagram for polymer modified mixes lasts longer than conventional mixes, and in 
this phase the stiffness of PMA samples decreases drastically compared to conventional samples and this 
result is in agreement with the results of previous research studies.  
 Criterion of decrease in stiffness by 50% is not suitable for determining the fatigue life of polymer modified 
samples. In this research the criterion of decrease in stiffness by 65% is proposed as the right criterion which 
is in accordance with behavior of this type of asphalt in tests. This suggested criterion is in agreement with 
failure point defined by methods of ratio of dissipated energy change, Row & Bouldin method and the 
criterion of sudden change in the slope of stiffness graph. 
 The fatigue lives obtained from the ratio of dissipated energy change method and Row & Bouldin method, 
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have the most agreement with each other and with fatigue life obtained from the criterion of the 
corresponding life to point of sudden change of slope in stiffness-the number of load repetition curve. Other 
methods of energy ratio show lower fatigue life than the three above mentioned methods. 
 Considerable increase in temperature during PMA samples tests, greatly affects the fatigue behavior of these 
mixes, therefore any judgment about the fatigue lives of these samples without considering the increase of 
temperature leads to a wrong conclusion.  
 As the loading frequencies increase, the initial stiffness of polymer modified samples increases, while it is not 
observed for conventional samples. 
 In contrary of what was proved in former study researches for conventional mixes, this study indicates that 
increase in loading frequency does not have a considerable effect on fatigue lives of polymer modified asphalt 
mixtures at high strain levels. 
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